In many anoxic environments, which are low in electron acceptors such as oxygen, nitrate, sulfate, and iron or manganese oxides, complex organic matter is degraded to methane and CO 2 by the cooperation of anaerobic microorganisms of several metabolic guilds (47) . An important intermediate of organic matter conversion under methanogenic conditions is propionate, which may account for up to 35% of methanogenesis in anaerobic digestors (35) and up to 30% in paddy soil (15, 26) . The degradation of propionate to acetate, CO 2 , and 3 H 2 is highly endergonic under standard conditions (⌬G°Ј ϭ ϩ76.1 kJ/mol), but it can be accomplished by syntrophic cooperation of propionate-oxidizing hydrogen-producing bacteria and hydrogen (or formate)-scavenging partner microorganisms (methanogens), which maintain a low hydrogen partial pressure (for a review, see reference 47) . Only in such syntrophic associations does propionate degradation become feasible under methanogenic conditions. The process has been studied extensively in flooded rice field soil (26, 27, 58) , in upflow anaerobic sludge blanket reactors (52) , and sediments (46, 49) . In all environments studied, the methyl-malonyl-coenzyme A ("randomizing") pathway of propionate degradation appears to be predominantly operative (see reference 26 and references therein). Propionate oxidation in rice field soil is under tight thermodynamic constraint, since the observed Gibbs free energies available to both syntrophic propionate-oxidizing microorganisms and their methanogenic partners range only between Ϫ3 and Ϫ25 kJ per mol of propionate (2, 15, 26, 58) . Thus, less than one-quarter ATP may be available to both organisms if a minimum of Ϫ70 kJ per mol of ATP is assumed for irreversible ATP synthesis (47) .
Our current knowledge of the diversity and ecology of syntrophically propionate-oxidizing bacteria is based on only few pure cultures such as the ␦-proteobacterial Syntrophobacter wolinii (1, 55) , Syntrophobacter fumaroxidans (17) , Syntrophobacter pfennigii (56) , and Smithella propionica (28) . Recently, two thermophilic gram-positive spore-forming strains, Desulfotomaculum thermobenzoicum subsp. thermosyntrophicum (39) and Pelotomaculum thermopropionicum (22) , have also been described. Cultivation-independent studies have focused on the distribution and dynamics of Syntrophobacter spp. in anaerobic granular sludge (9, 12, 16, 18, 21, 50) . Because of many difficulties in cultivating microorganisms of this highly fastidious guild and the lack of a suitable molecular marker for targeting syntrophic propionate-oxidizing acetogens, the natural diversity and ecology of syntrophic propionate-oxidizing bacteria remains largely unexplored.
A direct way to identify microbial populations active in a defined metabolic process is stable-isotope probing (SIP). SIP is based on the incorporation of 13 C-labeled substrate into cellular biomarkers such as nucleic acids, separation of labeled from unlabeled nucleic acids by density gradient centrifugation, and molecular identification of active populations carrying labeled nucleic acid (40) . DNA-SIP has been successfully applied to directly link structure and function of microbial communities (14, 20, 38, 41) . Recently, SIP has been extended to the analysis of rRNA (33, 34, 36) and has also been directly applied in the field (24) .
In the present study, we have used SIP of rRNA for the first time in an anoxic soil system to study populations involved in propionate degradation under methanogenic conditions. In principle, propionate should be an excellent substrate for SIP, since it can only be degraded syntrophically under methanogenic conditions, i.e., by a narrowly defined guild of microorganisms. Nevertheless, the intermediates of syntrophic propionate oxidation acetate and bicarbonate (or formate) may be assimilated by other microorganisms nonspecifically, which is an inherent limitation of SIP. But when electron acceptors other than CO 2 are not available in the system, acetate, for instance, can only be catabolized by methanogens and not fermented for thermodynamic reasons (47) . However, the diversity of species involved as anticipated from the currently known range of syntrophic propionate oxidizers is limited, and thus targeting syntrophs should be most suitable to test whether SIP can also be successfully applied to detect specifically active microorganism under anoxic conditions. Although cell yield and specific substrate degradation rates of syntrophic microorganism are low compared to microorganisms that thrive on thermodynamically more favorable reactions, we have been able to detect bacteria known to be involved in syntrophic propionate oxidation by RNA-SIP.
MATERIALS AND METHODS
Incubation setup. Rice field soil was collected from an Italian rice field soil near Vercelli in 2001, air dried, stored, and sieved as described previously (2) . Soil from the same sampling site has been described previously to contain ϳ1.5% organic carbon (59) . In 150-ml serum vials, 20 g of dry soil was mixed with 20 ml of sterile, anoxic water. Vials were sealed with sterile rubber septa after the headspace was flushed with N 2 . The soil was preincubated statically at 25°C in the dark for 14 days to allow for the activation and growth of a methanogenic rice field soil microbial community and the reduction of alternative electron acceptors such as iron(III) and sulfate (32) . Also, a 10-ml glass tube containing 2 ml of 5 M NaOH was fitted vertically into vials as a CO 2 trap. Isotope labeling of microbial populations was initiated by adding 13 C 3 -labeled propionate (99 atom%; Isotec, Miamisburg, Ohio) to two slurries at a final concentration of ϳ10 mM in pore water (200 mol in all), whereas controls received unlabeled propionate. At intervals of 3 to 4 days, the total CH 4 formed in slurries was monitored by gas chromatography (GC) (45) , and 13 C/ 12 C isotope ratios of CH 4 and CO 2 were determined by GC-isotope ratio mass spectrometry (5) . At intervals of ϳ10 days, 0.2 ml of slurry water was sampled for quantification of fatty acids by high-pressure liquid chromatography (25) . After 2 days, 3 weeks, and 7 weeks of incubation, microcosms were opened, and soil samples stored frozen (Ϫ20°C) for subsequent nucleic acid extraction.
Nucleic acid extraction and gradient centrifugation. Ribosomal nucleic acids were extracted from ϳ2 g of slurry samples according to a cell lysis protocol involving bead beating in the presence of the denaturant sodium dodecyl sulfate, phenol-chloroform-isoamyl alcohol extraction, and polyethylene glycol precipitation as previously described (33) . After purification and quantification, 500 ng of rRNA extracts were loaded into cesium trifluoroacetate (CsTFA) centrifugation medium and resolved by equilibrium density gradient centrifugation (33) . Gradients were then fractionated, and nucleic acids were precipitated for subsequent quantitative and qualitative community analyses.
Domain-specific PCR quantification of density-resolved nucleic acids. rRNA from gradient fractions was quantified by real-time reverse transcription-PCR with primers Ba519f/Ba907r and Ar109f/Ar912rt targeting all Bacteria and Archaea, respectively (33) . Copy numbers were standardized by using dilution series (10 7 to 10 2 molecules l Ϫ1 ) of 16S rRNA in vitro transcripts from cloned almost full-length 16S rRNA genes of a Methylophilus spp. (accession number AY360527) and a Methanosarcina barkeri strain (accession number AY641448) by using a RiboProbe in vitro transcription kit according to the manufacturer's instructions (Promega, Mannheim, Germany).
Community analyses.
Terminal restriction fragment length polymorphism (T-RFLP) fingerprinting of density-resolved bacterial and archaeal communities from gradient fractions was done with primers Ba27f-FAM/Ba907r and Ar109f/ Ar912rt-FAM (32, 34) , and amplicons were digested by using MspI and Taq for Bacteria and Archaea, respectively. Digested amplicons (100 ng in 10 l) were desalted by using AutoSeq G-50 columns (Amersham Biosciences, Freiburg, Germany). Desalted digests (1 l) were mixed with 12 l of Hi-Di formamide (Applied Biosystems) and 0.2 l of ROX-labeled MapMarker 1000 ladder (BioVentures, Murfreesboro, Tenn.), denatured (3 min at 95°C), cooled on ice, and size separated on an ABI 310 genetic analyzer (Applied Biosystems, Weiterstadt, Germany). Electrophoresis was performed with POP-4 polymer in 47-cm-by-50-m capillaries (Applied Biosystems) under the following conditions: a 2-s injection time, a 15-kV injection voltage, a 15-kV run voltage, a 60°C run temperature, and a 45-min analysis time.
Amplicons for sequence analysis were generated from rRNA gradients with the primers Ba27f/Ba907r and Ar109f/Ar912rt and PCR conditions as described earlier (32, 34) . Fragments were cloned by using the pGEM-T Vector System II (Promega, Mannheim, Germany), and randomly selected clones were sequenced on an ABI Prism 377 sequencer (Applied Biosystems) by using BigDye terminator cycle sequencing chemistry as specified by the manufacturer. Phylogenetic analyses were conducted by using the ARB software package (http://www.arb -home.de), as described previously (13, 30) , and sequence data were deposited with GenBank under accession numbers AY607105 to AY607271.
RESULTS

Consumption of [
13 C]propionate. Before administering the 13 C-labeled substrate, we preincubated microcosms for 14 days to allow for the activation and development of an anoxic rice field soil microbiota. Electron acceptors such as nitrate, sulfate, and iron(III) are typically reduced after 8 to 12 days in Vercelli rice field soil (23, 26, 32) , which is an important prerequisite for the selective labeling of propionate-oxidizing syntrophs intended in this experiment. After 2 weeks of preincubation, methane in the headspace had accumulated to ϳ3.5 kPa, which is indicative of the reduction of sulfate and iron(III) in rice field soils (57) . In incubations of homogenized and sieved rice field soil slurries, i.e., rice straw and root pieces were removed, propionate may transiently accumulate up to a concentration of 1.5 mM within the first 2 weeks after flooding (2, 32, 43, 58) , which corroborates the transition from iron(III)-dependent to syntrophic propionate oxidation (32, 58) . In the present experiment, we supplemented [ 13 C]propionate at a concentration of 10 mM, which is about 1 order of magnitude higher than the substrate concentrations transiently encountered in incubations with sieved and homogenized rice field soil. Locally in anoxic rice field soil, however, where high concentrations of organic matter (i.e., decomposing rice straw fibers or roots) prevail, propionate may accumulate up to 8 mM, as shown in rice field soil incubations amended with rice straw (15) .
Syntrophic propionate oxidation was evidently operative by the time of 13 C-labeled-substrate addition in our experiment: the 13 C atom% of formed CH 4 increased to ϳ3% after 4 days. Values constantly increased to more than 40% after 4 weeks of incubation and approached 50% near the end of the experiment, after 7 weeks. The partial pressure of methane (pCH 4 ) in the headspace was ϳ30 kPa after this time, whereas pCO 2 was kept low (ϳ0.1 kPa) throughout the incubation by alkaline trapping. Because of this constant removal, the 13 C atom% of formed CO 2 was a much more sensitive indicator of [
13 C]propionate depletion in the slurry than that of accumulated CH 4 . Twice during the experiment, after 19 and 33 days of incubation, when decreasing 13 C atom% values of CO 2 were indicative of the depletion of the labeled substrate, (10 mM final concentration each) was replenished to the microcosm. At these time points, propionate was below the detection level. Thus, in total, 600 mol of [ 13 C]propionate were supplemented to the soil. The amount of carbon added (23 mg in total) thus represented only a small fraction of the ϳ1.5% organic carbon (i.e., ϳ300 mg in 20 g of soil) naturally present in Italian rice field soils from Vercelli (43, 59 ). Since [
13 C]propionate was almost completely consumed after 7 weeks (0.77 mM final concentration or 15 mol in total remained in the system), the average rates of propionate consumption were ϳ0.6 mol per g (dry weight) and day, or ϳ30 mol per g (dry weight) in all. A total of ϳ670 mol of 13 CH 4 was formed during incubation corresponding to ϳ64% of the expected amount of 13 CH 4 , assuming that 1 mol of propionate is completely converted to 1.75 mol of CH 4 and 1.25 mol of CO 2 (47) .
Nucleic acid distribution in centrifugation gradients. rRNA was extracted from slurries after 2 days of incubation with [ 12 C]propionate (as unlabeled control) and after 3 and 7 weeks of incubation with [
13 C]propionate. This time series was used to trace and identify microorganisms by RNA-SIP, which became specifically active under methanogenic conditions and oxidized propionate syntrophically. The day 2 control gradient clearly showed peaks of bacterial and archaeal rRNA at a BD, which is characteristic of unlabeled nucleic acids, i.e., Ͻ1.79 g/ ml in CsTFA (33, 34) (Fig. 1) . Maximum archaeal rRNA amounts equaled ϳ12% of the maximum bacterial rRNA quantities detectable.
After 3 weeks of incubation, the rRNA gradient profile of [ 13 C]propionate-oxidizing rice field soil had not changed and was virtually identical to the control gradient of day 2 (data not shown). Hence, even though propionate had been oxidized syntrophically for 3 weeks and ϳ10 mol of [ 13 C]propionate had been consumed per g (dry weight) of soil, label incorporation into any of the involved microbial populations was still too weak to be detected by RNA-SIP.
After 7 weeks of incubation, however, gradient profiles had changed (Fig. 1) . Although the bulk of bacterial rRNA still remained in the "light" fractions and only a minute tailing of "heavy" rRNA was detected, the entire archaeal rRNA had completed a substantial shift toward "heavier" BDs and now banded between 1.79 and 1.81 g/ml in CsTFA. Also, a quantitative stimulation of the archaeal population was apparent, and maximum amounts of detectable archaeal nucleic acids now equaled ϳ19% of bacterial rRNA quantities.
Fingerprinting of density-resolved nucleic acids. Bacterial and archaeal rRNA templates resolved within the centrifugation gradients of day 2 and day 50 were analyzed by T-RFLP fingerprinting to trace specific members of the rice field soil microbial community that had incorporated 13 C label into their rRNA and therefore had potentially been active in syntrophic [ 13 C]propionate oxidation. For bacterial templates, the gradient profile displayed only small amounts of "heavy" rRNA ( Fig. 1) , indicating a low rate of label assimilation. Control fingerprints generated for different gradient fractions of the unlabeled day 2 control rRNA (1.772 to 1.798 g ml Ϫ1 in CsTFA) showed highly similar microbial communities dominated by the 146-, 154-, 162-, 273-, and 513-bp terminal restriction fragments (T-RFs) (Fig. 2) . However, after 50 days of incubation with [ 13 C]propionate, the anoxic rice field soil bacterial community detectable in the "light" gradient fractions (between 1.769 and 1.802 g ml Ϫ1 ) had apparently shifted significantly in relative composition. Although the 146-, 154-, 273-, and 513-bp T-RFs were still detectable (with reduced abundance), the 217-, 298-, and 519-bp T-RFs had increased their prominence, and a T-RF of 207 bp now clearly dominated the electropherograms. However, most strikingly, in the "heaviest" fraction (1.812 g ml Ϫ1 ) containing considerable amounts of rRNA, the bacterial community composition completely changed. A 151-bp T-RF became dominant, and T-RFs of 70, 167, 302, and 510 bp also appeared. However, the 207-and 298-bp T-RFs also remained detectable. These data show clearly that, despite a low rate of 13 C label assimilation, RNA-SIP effectively resolved a small fraction of the bacterial community that had incorporated substantial amounts of 13 C label (fully 13 C-labeled bacterial rRNA bands between 1.81 and 1.82 g ml Ϫ1 in CsTFA [33] ). In contrast, although 13 C labeling appeared to be much more efficient for Archaea than for Bacteria (see Fig. 1 ), fingerprints of density-resolved archaeal rRNA showed no pronounced dynamics, either with time or with BD (Fig. 3) . Thus, the day 2 and day 50 T-RFLP electropherograms, although generated over different density ranges (1.772 to 1.798 g ml Sequence analysis of density-resolved populations. Having shown, with the help of T-RFLP fingerprinting, that bacterial populations detected in the "heaviest" rRNA fraction after 50 days of [
13 C]propionate oxidation were distinct, clone libraries were generated to identify and distinguish microbes represented in the resolved rRNA fractions. Randomly selected clones of two libraries were sequenced that were generated from "light" (X9Ba clones [n ϭ 74] at 1.769 g ml Ϫ1 ) and "heavy" (X3Ba clones [n ϭ 48] at 1.812 g ml Ϫ1 ) bacterial templates. Phylogenetic analysis of the "light" clones revealed a community clearly dominated by highly diverse populations of clostridia (68% of all clones; Table 1 ), but bacilli (14%), Geobacteriaceae (8%), and sequences related to the "T78 group" (51) of uncultured bacteria (5%) were also detected. In contrast, the clone library of "heavy" templates resolved within the same gradient was of a completely different composition (Table 1) . Here, 60% of all clones were related closely to syntrophic propionate oxidizers (29% to Syntrophobacter spp., 21% to the novel Pelotomaculum spp., and 10% to Smithella spp.), and a further 6% were related to butyrate oxidizers of the genus Syntrophomonas. However, sequences related to microorganisms not known as syntrophs were also detected in this library, and the remaining one-third of the clones was related to diverse lineages of the anoxic rice field soil community (19) .
The phylogenetic placement of selected clones, mostly related to syntrophic propionate oxidizers, is depicted in Fig. 4 and 5. Sequence data also showed that the composition of the clone libraries was consistent with generated T-RFLP fingerprints of the resolved gradient fractions. Thus, the diverse Clostridia detected were mostly reflected in the 207-bp T-RF but also the 217-, 273-, 298-, 513-, and 519-bp T-RFs (Table 1) . Another abundant T-RF in "light" fractions (146 bp) was affiliated with the detected bacilli. On the other hand, most of the prominent T-RFs detected in the "heavy" rRNA clearly represented syntrophic propionate oxidizers, e.g., Syntrophobacter spp. (Fig. 4) , and the novel gram-positive Pelotomaculum spp.
(151-bp T-RF) (Fig. 5) . Furthermore, the minor 302-bp T-RF, found only in the "heavy" fraction, was assigned to Syntrophomonas spp. An archaeal clone library from intermediately 13 C-labeled rRNA templates (X4Ar clones [n ϭ 45] at 1.802 g ml Ϫ1 ) was also generated, and randomly selected clones were sequenced. Rice field soil archaeal communities are well studied by T-RFLP fingerprinting, and most detectable T-RFs have already been assigned to defined archaeal lineages for this habitat (4, 31, 44). As indicated already by the fingerprints of archaeal rRNA resolved within the different gradient fractions (Fig. 3) , mostly well-known methanogens were identified in the archaeal clone library, e.g., Methanosarcina spp. (56% of all clones, 188-bp T-RF), Methanobacterium spp. (24%, 94 bp), Methanomicrobiaceae (11%, 86 bp), and the yet-uncultured methanogens of rice cluster I (7%, 395 bp).
DISCUSSION
To date, nucleic acid-based SIP has been successfully used to identify microbes, which thrive on thermodynamically favorable reactions, e.g., the aerobic oxidation of methanol (34, 40) or methane (20, 38) , nitrate-dependent methanol oxidation (14) , and the aerobic oxidation of aromatic compounds (24, 36) . Here, we present the first identification of active anaerobic microorganisms by SIP, which are involved in the thermodynamically unfavorable syntrophic oxidation of propionate under methanogenic conditions. More importantly, we have been able to identify syntrophic propionate oxidizers for the first time as a whole guild by a molecular approach in their natural habitat. Since known syntrophic microorganisms are not a phylogenetically coherent group but instead are scattered over several lineages of descent, previous molecular studies were bound to utilize group-specific probes for a rather incomplete assessment of this specialized guild of microorganisms (9, 11, 16, 21, 50) .
Thus far, the sensitivity of SIP has not been explored by targeting microorganisms with low substrate conversion rates. In a previous SIP study investigating aerobic methanol oxidation in rice field soil, methanol oxidation rates were ϳ16 mol per g (dry weight) and day, and 13 C-labeled rRNA was detectable already after 6 days of incubation. Despite the low rate of [ 13 C]propionate consumption (ϳ0.6 mol per g [dry weight] and day) measured in our experiment, sufficient amounts of 13 C label for detection were incorporated into rRNA, albeit after 7 weeks of incubation. This shows clearly that even slowly growing bacteria that utilize small amounts of energy for growth such as syntrophic acetogens can in fact be detected by SIP.
Although the prolonged incubation clearly caused a shift within the entire bacterial community, the bulk of bacterial rRNA was still unlabeled, probably also due to the constant removal of formed 13 CO 2 via an alkaline trap, which minimized possible cross-feeding of label into community members not involved in syntrophic propionate oxidation. After 50 days, the "light" bacterial rRNA was clearly dominated by the 207-and 298-bp T-RFs, representing defined groups of clones related to Clostridium cellulolyticum and Clostridium aminovalericum. Clostridia represent numerically dominant members of the anoxic bulk soil community in rice field soil, which are involved in the degradation of polymeric rice plant residues (3).
Although most of the bacterial community was not active in [ 13 C]propionate consumption, as indicated by the massive bulk of "light" rRNA detected after 7 weeks of incubation, we were indeed able to detect a small amount of bacterial rRNA present in the gradient fraction where "heavy" rRNA is typically found (33) . More important, by T-RFLP fingerprinting we could prove that the rRNA templates present in this fraction were distinct from the "light" community, which is an important prerequisite for the correct interpretation of environmental SIP data (34, 36) . And finally, cloning of these "heavy" templates clearly showed that three different lineages of syntrophic propionate oxidizers were active at the same time, belonging to the ␦-Proteobacteria (Syntrophobacter and Smithella spp.) and to the novel genus Pelotomaculum, which is closely related to the gram-positive sulfate-reducing members of the genus Desulfotomaculum (22) . Smithella spp. have not been detected thus far in environments other than methanogenic bioreactors (28) . It is unlikely (although we did not explicitly measure this) that sulfate was available as electron acceptor after the 2 weeks of preincubation to predominant bacterial species detected, i.e., Syntrophobacter. This would have facilitated nonsyntrophic propionate oxidation by sulfate reducers and, in fact, Syntrophobacter wolinii and Syntrophobacter pfennigii but not Syntrophobacter fumaroxidans are capable of dissimilatory sulfate reduction. Numerous studies analyzing sequential reduction processes directly after flooding of rice field soil have demonstrated that pore water sulfate concentrations are typically low (up to 2 mM for a nonacid sulfur soil) and that sulfate is typically reduced within 8 to 10 (31, 32, 57, 59) . More importantly, the onset of the phase of vigorous methane production is generally indicative of the complete reduction of sulfate and iron(III) as electron acceptors (57) . The type species of the genus Pelotomaculum, Pelotomaculum thermopropionicum, which has been described recently as a novel thermophilic syntrophic propionate oxidizer, is also unable to reduce sulfate in a dissimilatory fashion (22) . Furthermore, a strain proposed as "Pelotomaculum schinkii" has been isolated from mesophilic sludge, which may represent the first true obligately syntrophic anaerobic bacterium isolated (7), i.e., a syntroph that cannot be cultivated in pure culture with another substrate and/or alternative electron acceptors (7) . In fact, we show here for the first time, with the help of SIP, that bacteria clearly affiliated with the genus Pelotomaculum were not only present in anoxic rice field soil but were also active as propionate-oxidizing syntrophs. Also, according to the T-RFLP fingerprint of the "heavy" rRNA, Pelotomaculum spp. may even form a prominent part of the syntrophic population in anoxic rice field soil, at least under the given experimental conditions. Similar sequences related to the novel genus Pelotomaculum were detected in anoxic rice field soil previously but assigned to Desulfotomaculum lineage I (53), since a role of Pelotomaculum as syntrophic propionate oxidizers was not evident at that time point. These Pelotomaculum-like se- quences were shown to make up 1% of all bacterial templates (54) . Furthermore, we detected rRNA molecules related to Syntrophomonas spp. with low frequency in both the "heavy" fingerprint and the clone library. Thus far, Syntrophomonas spp. are known as syntrophic oxidizers of butyrate but not of propionate (29, 37, 47) . Presently, we cannot rule out that novel Syntrophomonas spp. detected in our SIP experiment are capable of syntrophic propionate oxidation. However, it is more likely that Syntrophomonas spp. became labeled via a food chain that involves the intermediate formation of [ 13 C]butyrate from [
13 C]propionate by the ␦-proteobacterial Smithella spp., which were detected in addition to Syntrophobacter spp. in 13 C-labeled rRNA fractions. Smithella propionica dismutates propionate to acetate and butyrate, which is further metabolized syntrophically by ␤-oxidation to acetate (8) . However, in rice field soil thus far only the randomizing pathway of propionate degradation was found to be operative, and butyrate as a characteristic intermediate of propionate degradation by Smithella propionica was not detected (26) . However, the soil samples of Vercelli rice field soil used in the study of Krylova et al. (26) were different from the samples that we used, which may explain differences in the presence of Smithella spp. Apparently, more research is necessary to elucidate the role of Smithella spp. in flooded soils.
Growth of microorganisms that utilize reactions with a low Gibbs free-energy yield, such as propionate oxidation, requires energy sharing among the syntrophic partners (47), i.e., all partners have to share the energy available from the complete degradation of propionate to methane and CO 2 . Energy sharing in syntrophic propionate oxidation has been measured by determining growth yields of all partners in defined batch and continuous cultures (48) . SIP does not allow measurement of growth yields of the syntrophic partners involved, since it targets only the nucleic acids, but it can provide insight into carbon assimilation efficiencies of the microorganisms detected in "heavy" nucleic acid fractions. We found that the absolute numbers of archaeal rRNA molecules detected in the "heavy" 1.812-g ml Ϫ1 fraction (7.8 ϫ 10 7 copies l Ϫ1 ) was slightly larger than the number of bacterial templates (5.2 ϫ 10 7 copies l Ϫ1 ) in this fraction. It has to be considered, however, that roughly two-thirds of the ribotypes detected could be affiliated with syntrophic propionate oxidizers, suggesting that the other bacterial ribotypes detected were not involved in propionate oxidation and thus likely to originate from unspecific carryover of unlabeled "background" rRNA in centrifugation gradients (33) . However, the entire methanogen community clearly shifted to intermediate gradient fractions and therefore had apparently incorporated substantial amounts of 13 C label. Both observations suggest that the labeling efficiency for the different functional guilds in syntrophic associations was apparently higher for the methanogenic partners than for the syntrophic propionate oxidizers. Obviously, these data cannot reveal differences in energy sharing among the syntrophic partners involved (47) . The high degree of labeling of methanogens suggests that syntrophic associations were closely juxtaposed (6) . This may have helped to assimilate 13 C-labeled intermediates (i.e., acetate and CO 2 ) from [
13 C]propionate more efficiently and probably prevented dilution into the pore water pool of dissolved carbon or alkaline trapping of CO 2 prior to assimilation. Apart from that, we cannot rule out direct assimilation of [ 13 C]propionate by methanogens; however, thus far it has been shown only that some strains of methanogens assimilate propionate as a precursor for isoleucine and not as a general carbon source (10) .
Our study shows that to a large extent 13 C-labeled rRNA of species known to be involved in the syntrophic degradation were found. This corroborates results from other SIP studies, which targeted other nutritionally highly defined guilds. Collectively, in all cases labeling of active populations was achieved by stimulating degradation of a substrate, i.e., by dissimilation and assimilation. However, substrates such as propionate or the intermediately formed acetate may-in principle-be coassimilated by other bacteria that are present and active in the same habitat but that utilize a different type of substrate for dissimilatory purposes. Factors controlling the predominant labeling of the dissimilatorily active populations over other populations could be linked to the overall higher abundance of labeled anabolic precursors originating from a substrate that flows through the catabolite pool. Future studies may show whether active populations stimulated with a nonlabeled catabolic substrate can be detected in the presence of 13 C-labeled anabolic precursors. Possibly, the methanogenic conditions prevailing during the present SIP incubation, with only CO 2 available as a terminal electron acceptor, may have aided in predominantly labeling the syntrophic propionate oxidizers and methanogens. Hence, intermediately formed [
13 C]acetate cannot be fermented for thermodynamic reasons (47) , and even if nonspecific assimilation by other community members is to be expected, a strong dilution of label by continuously formed [ 12 C]acetate would clearly mitigate possible cross-feeding effects.
In conclusion, we provide here the first evidence that SIP can also be used under thermodynamic constraints to successfully trace and identify microorganisms involved in processes with only low energy yield. We identified three distinct lineages of syntrophic propionate oxidizers (Syntrophobacter, Smithella, and Pelotomaculum spp.) to operate simultaneously in anoxic rice field soil slurries. Also, we have detected their hydrogenotrophic and acetotrophic methanogenic partner organisms (mostly Methanobacterium and Methanosarcina spp. but also members of the Methanomicrobiaceae and rice cluster I) by assimilation of labeled intermediates, i.e., 13 CO 2 and [ 13 C]acetate. Of course, we cannot rule out that the composition of active species detected may have been affected by the incubation in the presence of propionate concentrations (i.e., 10 mM) 1 order of magnitude higher than normally found in rice field soil slurries over an extended period of time (i.e., 7 weeks). However, SIP essentially requires for the addition of label in amounts that allow to obtain 13 C-labeled rRNA. Therefore, we have to clearly limit our conclusions on the ecological relevance of the community structure of syntrophic propionate oxidizers detected under the applied conditions. It remains to be shown what microbes are active in syntrophic propionate oxidation under much lower substrate concentrations (in the range of only a few micromoles) in natural rice field soil environments. Nevertheless, RNA-SIP (36, 42) was superior to DNA-SIP, since parallel analyses by DNA-SIP, although allowing the retrieval of labeled archaeal DNA, resulted in only minor labeling of syntrophs (data not shown) compared to interfering GC effects (33) . Similar to an earlier study (34), we used RNA-SIP to demonstrate the activity of defined functional groups of microorganisms in the conversion of an added 13 C-labeled substrate and also their nutritional interactions and engagement in food chains. For the first time, however, this has now been accomplished in an anaerobic soil ecosystem, which holds great promise for future applications of SIP in general and for RNA-SIP specifically. However, more importantly, this strategy will allow researchers to unravel structure and function relationships of further syntrophic or other nutritional associations in natural environments and to define metabolic functions of yet-uncultivated microorganisms.
